In vitro fermentation studies demonstrated that diaryliodonium chemicals were inhibitors of amino acid utilization. Only small differences were found in comparative effectiveness of different analogs and salt forms of chemicals tested. Protection against degradation and(or) uptake was greatest for valine, methionine, isoleucine, leucine and phenylalanine. Although changes were not as large, animals fed 4,4 tdimethyldiphenyliodonium chloride for 112 d had higher ruminal concentrations of amino acids and lower concentrations of ammonia. Decreased production of acetate in conjunction with increased production of propionate and butyrate resulted in improved fermentation efficiencies. Fermentative shifts in vivo were not as large as those observed in vitro and additional investigations are needed to determine whether feeding diaryliodonium chemicals increases the transfer of energy in digested carbohydrates to volatile fatty acids.
Introduction
Efficiency of producing food and fiber with ruminant animals can be optimized by proper balancing of fermentative vs hydrolytic digestion. Fermentative digestion is advantageous for substances that cannot be digested by the animal's own enzymes or that have poor nutritional qualities, but fermentation of dietary protein and amino acids is wasteful because of losses in amino N (Chalupa, 1977; 1981) .
Fermentative digestion can be controlled to influence ruminal outputs of energy and amino nitrogen favorably by (1) protection of dietary components from microbial attack and (2) manipulation of the microbes and(or) their activities with chemical agents to modify selected pathways of metabolism such as volatile fatty acid (VFA) production, methanogenesis, amino acid degradation, ureolysis, et cetera. Protection methods require processing of specific feed ingredients and are limited to use with dietary inputs that have inherently high nutritional values. On the other hand, chemical agents can be administered as dietary supplements and can be used to increase the energy and amino N derived from nutrients that do not have inherently high nutritional values and which require ruminal digestion (Chalupa, 1977; 1981) .
In studies designed to discover chemical agents that would improve nitrogen economy and performance in ruminant animals, we found that diaryliodonium chemicals (figure 1) were effective in preventing rumen microbial utilization of amino acids . The present report extends our earlier observations by (1) providing comparative data on the effectiveness of a variety of diaryliodonium chemicals for decreasing utilization of amino acids by the mixed rumen microbial population and (2) evaluating effects of selected chemicals upon VFA production. crude protein) diet 3. Because of the number tested, it was impractical to include chemicals in the diets of donor cattle. Substrates varied with the experimental objectives and they are detailed in tables 1 to 7. Fermentation was terminated by addition of saturated mercuric chloride, and fermentation fluid was centrifuged at 40,000 • g for removal of microbial cells and feed particles. Supernatants were assayed for s-amino N (Scheifinger et al., 1976) , amino acids (Chalupa, 1976) and VFA 4. Production or utilization of metabotites was calculated as the difference between quantities present at the beginning and end of fermentation. Apparent utilization of amino acids was calculated as the percentage decrease of an exogenous amino acid load. Because there is no accounting of amino acids liberated from proteinaceous material contained in rumen fluid, negative apparent utilization values can be obtained.
Experimental Procedure
To determine the effects of feeding 0, 25, 50 or 100 ppm 4,4'-dimethyldiphenyliodonium chloride for 112 d (Chalupa et al., 1983b) upon ruminal N and energy transac- aln vitro fermentation system contained 50 ml strained rumen fluid, 1.O g starch, 8 mM urea and 1.8 mM each of threonine, valine, methionine, isoleucine, leucine, phenylalanine, tryptophan, lysine, histidine and arginine. Incubations were conducted in duplicate on 2 d for 6 h under a CO 2 atmosphere in a shaking water bath at 38 C. bz refers to substitutions as indicated in figure 1.
CBecause of differences in molecular weight, quantities of different chemicals added were adjusted to supply amounts of diphenyliodonium cation contained in 2.5, 5.0, 7.5 and 10.0 ppm of diphenyliodonium chloride, which is equivalent to .79, 1.58, 2.36 and 3.16 • 10 -s M of each diaryliodonium chemical. dDecrease in apparent degradation per added ppm of diaryliodonium calculated by linear regression analyses. Tukey's hsd (P<.05) = 3.6. tions, rumen fluid obtained by stomach tube was assayed for amino acids (Chalupa, 1976) , ammonia (Chancy and Marbach, 1962) and VFA 4, and gas obtained by rumen puncture was partitioned into proportions of CO2, CH4 and H 2 (Wolin et al., 1964) .
Statistical analyses of data obtained in both in vitro and in vivo investigations were conducted according to methods outlined in Steel and Torrie (1960) .
Results
Amino Acid Utilization. Effects of 10 different salts of diphenyliodonium chloride upon apparent utilization of amino acids are summarized in table 1. In the absence of chemical agent (0 ppm), 47% of the exogenous amino acid load was degraded during the 6-h incubation period. At 10 ppm, all salts were effective in blocking amino acid utilization.
For evaluation of differences between chemicals, the decrease in degradation per added pprn of chemical was calculated by linear regression analyses. When regression coefficients were tested for differences, it was found that all 10 salts were approximately equivalent in suppressing amino acid utilization.
Ten diaryliodonium analogs were evaluated for effects on amino acid utilization (table 2). In the absence of chemicals (0 ppm), 54% of the exogenous amino acid supply was utilized, whereas 10 ppm of analogs 1, 3 and 11 through 16 completely suppressed utilization. Analog 17, phenyl(4-pyrazolyl)iodonium chloride, and analog 18, 2-mesityliodoniobenzoate, provided less protection against utilization than the other chemicals tested (table 2) .
Data concerning effects of diaryliodonium aln vitro fermentation system contained 50 ml strained rumen fluid, 1.0 g starch, 8 mM urea and 1.8 mM each of threonine, valine, methionine, isoleucine, leucine, phenylalanine, tryptophan, lysine, histidine and arginine. Incubations were conducted in duplicate on 3 d for 6 h under a CO: atmosphere in a shaking water bath at 38 C.
bx, V and Z refer to substitutions as indicated in figure 1.
CBecause of differences in molecular weight, quantities of different chemicals added were adjusted to supply amounts of diphenyliodonium cation ion contained in 2.5, 5.0, 7.5 and 10.0 ppm of diphenyliodonium chloride, which is equivalent to .79, 1.58, 2.36 and 3.16 • 10 -s M of each diaryliodonium chemical. dDecrease in apparent degradation per added ppm of diaryliodonium calculated by linear regression analyses. Tukey's hsd (P<.05) = 2.7.
analogs on apparent utilization of specific amino acids are presented in table 3. A chemical level that did not completely suppress total amino acid utilization (i.e., 5 ppm) was selected so that comparative differences in effectiveness could be demonstrated. Except for analog 17, the diaryliodoniums evaluated decreased (P<.05) the apparent utilization of valine, methionine, isoleucine, leucine and phenylalanine. No protection against utilization of threonine, lysine, histidine and arginine was provided by any analog tested. In conjunction with the inhibition of amino acid utilization, accumulations of glycine and alanine (table 4), but not other nonessential amino acids, were observed.
Rumen ammonia and amino acid concentrations in cattle that were fed diets containing 11 or 14% crude protein plus 0, 25, 50 or 100 ppm 4,4'-dimethyldiphenyliodonium chloride are presented in table 5. Lower concentrations of ammonia observed in cattle fed medicated diets imply decreased degradation of dietary amino acids. This was substantiated by increased ruminal concentrations of valine, methionine, isoleucine, aspartate, glycine and alanine.
Energy Transactions. Effects of 10 diaryliodonium chemicals on production of VFA from starch and essential amino acids are summarized in table 6. Chemical additions decreased production of acetate and isobutyrate whereas production of propionate and butyrate was increased. Total VFA production was decreased with chemical additions of 10 ppm. In general, it appears that 2.5 ppm of diaryliodonium chemicals did not greatly affect VFA production whereas at 10 ppm, some decreases were noted. All chemicals tested appeared to be equivalent in their effects upon VFA production. Modification in the pattern of VFA production with 5 to 10 ppm of chemical improved fermentation efficiency.
Three diaryliodonium chemicals were tested for effects upon production of VFA from natural substrates that contained either 40 or 80% concentrate (table 7) . Rumen microbes sustained in batch culture fermentors produced less (P<.05) acetate, but more (P<.05) butyrate from 80% concentrate than from 40% concentrate substrate. Only small differences among the three chemicals were observed in the VFA production pattern. Chemical aln vitro fermentation system contained 50 ml strained rumen fluid, 1.0 g starch, 8 mM urea and 1.8 mM each of threonine, valine, methionine, isoleucine, leucine, phenylalanine, tryptophan, lysine, histidine and arginine. Incubations were conducted in duplicate on 3 d for 6 h under a CO 2 atmosphere in a shaking water bath at 38 C.
bsee tables 1 and 2. Because of differences in molecular weight, quantities of different chemicals added were adjusted to supply the amount of diphenyliodonium cation contained in 5 ppm diphenyliodonium chloride, which is equivalent to 1.58 • 10 -s M of each diaryliodonium chemical. c'd'e'f'gvalues in the same column with different superscripts differ according to Tukey's test (P<.05).
additions (5 to 10 ppm) promoted decreased production (P<.05) of acetate and isovalerate and increased production (P<.05) of propionate and butyrate. These VFA production shifts resulted in an improved (P<.05) fermentation efficiency. As previously noted (table 6), 2.5 ppm of diaryliodonium chemicals did not greatly affect VFA production, but production was definitely decreased with 10 ppm.
Shifts in proportions of propionate and butyrate were observed after growing steers were fed 25, 50 or 100 ppm 4,4-dimethyldiphenyliodonium chloride for 112 d (table  8) , but the observed changes were not statistically significant. In addition, small decreases in the volume percentage of methane were observed in the ruminal gas of cattle fed medicated diets (table 8) .
Discussion
Amino Acid Utilization. In vitro fermentation studies revealed that diaryliodonium chemicals were effective inhibitors of amino acid utilization by rumen microorganisms. Protection was greatest for valine, methionine, isoleucine, leucine and phenylalanine. Associated with these changes were consistent increases in concentrations of alanine and, to a lesser extent, of glyeine. Only small differences were found in comparative effectiveness of different analogs and salt forms of the diaryliodonium chemicals tested.
Although changes were not large, ruminal ammonia was lower and concentrations of valine, methionine, isoleucine, aspartate, glycine and alanine were higher after steers had been fed 4,4'-dimethyldiphenyliodonium chloride for 112 d (table 5) . In previous studies , we showed that (1) dosing cattle maintained on a 60% concentrate diet with essential amino acids plus diphenyliodonium chloride or (2) medicating diets containing essential amino acids with diphenyliodonium chloride suppressed apparent rumen microbial degradation of valine, methionine, isoleucine, leucine, phenylalanine, lysine and histidine, but not of threonine. Similar results were obtained when rumen-fistulated cattle were maintained on a 60% concentrate diet plus a corn meal carrier supplement of soy protein and O, .25, .50 or 1.0 g/d diphenyliodonium chloride . In addition, quantities of glutamate, glycine, aln vitro fermentation system contained 50 ml strained rumen fluid, 1.0 g starch, 8 mM urea and 1.8 mM each of threonine, valine, methionine, isoleucine, leucine, phenylalanine, tryptophan, lysine, histidine and arginine. Incubations were conducted in duplicate 3 d for 6 h under a CO 2 atmosphere in a shaking water bath at 38 C.
bsee tables 1 and 2. Because of differences in molecular weight, quantities of different chemicals added were adjusted to supply the amount of diphenyliodonium cation contained in 5 ppm diphenyliodonium chloride, which is equivalent to 1.58 • 10 -s M of each diaryliodonium chemical.
c'dstatistically different according to Tukey's test (P<.05). alanine and ornithine were increased. Horton (1979 Horton ( , 1980 reported that cattle supplemented with 25 ppm of 4,4'-dimethyldiphenyliodonium chloride had increased ruminal concentrations of amino acids and lower ruminal concentrations of ammonia than control cattle.
In our experiments, amino acid utilization was based upon disappearance of an exogenous amino acid load or upon rumen concentrations of amino acids. Amino acids in the rumen ecosystems can be degraded, assimilated directly by rumen microbes, absorbed from the rumen, or bound to either microbial cells or feed particles (Chalupa, 1975) . However, the largest quantity of amino acids is usually deaminated to yield ammonia and other intermediate products (Chalupa, 1975) , and, in the development of the test systems employed, we (W. Chalupa, unpublished data) found accumulations of ammonia in conjunction with disappearance of exogenous amino acid loads.
Mechanisms by which diaryliodonium chemicals modify fermentative digestion are not known. Stuart et al. (1977) suggesed that because most amino acid utilization occurs intracellularly, amino acids might be protected from degradation by prevention of their transport into bacterial cells. Broderick and Bahhrop (1979) also observed accumulation of alanine when amino acid utilization was inhibited with diaryliodonium chemicals. This information suggests that alanine may be involved as an intermediate in deamination pathways of other amino acids, possibly being formed by transamination with pyruvate. Diaryliodonium chemicals, then, may be especially potent in preventing ruminal degradation of alanine to ammonia, acetate and carbon dioxide. Degradation of alanine involves the generation of reducing equivalents, and diaryliodonium chemicals were postulated to function like diphenyleneiodonium salts by inhibiting metabolism of NADH (Broderick and Bahhrop, 1979) .
Energy Transactions. Data in tables 6
and 7 indicate that in in vitro batch culture fermentors, diaryliodonium chemicalsmodified fermentative pathways involved in the production of VFA. Decreased production of acetate in conjunction with increased production of propionate and butyrate resulted in increased capture in VFA of the energy contained in the digested carbohydrate. We previously reported (Chalupa, 1977) decreased production of acetate and methane accompanied by an increased production of propionate which resulted in an increased fermentation efficiency astomach tube samples were obtained 3 h after the morning offering of feed from eight animals/treatment (two pens with four animals/pen). Cattle had been fed complete diets which contained 30% roughage for 112 d. Performance data are presented by Chalupa et al. (1983b) .
bMicromoles/100 ml.
CMilligrams/100 ml.
d'evalues on the same line with different superscripts differ according to Duncan's multiple range test (P<.O5).
in fermentors medicated with diphenyliodonium chloride.
The observed decreases in VFA production in cultures medicated with the higher levels of diaryliodonium chemicals may have little significance in vivo. Decreases in fermentation and cell growth have been observed in fermentors medicated with chemical agents when inoculum was obtained from animals not being fed the chemical agent (Short, 1978; Van Nevel and Demeyer, 1977) , but, at least with monensin, such decreases did not occur with inoculum obtained from sheep fed monensin (Short, 1978) . In addition, fermentation of 1 mol of amino acid yields not only 1 mol of ammonia, but 1 tool of acetate, propionate, isovalerate and valerate and .5 tool of butyrate as well (Van Nevel and Demeyer, 1977) . Thus, chemical agents that effectively suppress amino acid degradation might be expected to cause some decrease in VFA production. Furthermore, supplements of diaryliodonium chemicals did not decrease nutrient digestibility by growing cattle (Chalupa et al., 1983a) .
Limited in vivo observations (table 8) suggest that diaryliodonium chemicals may alter energy transa~:tions, but shifts in fermentation were not as large as those observed in vitro (tables 6 and 7). Horton (1980) reported that neither total VFA nor the molar distribution of VFA were affected by dietary supplementation with 25 mg 4,4'-dimethyldiphenyliodonium chloride/kg diet. Additional investigations are needed to determine if improvements in animal performance (Cha- aln vitro fermentation system contained 50 ml strained rumen fluid, 1.0 g starch, 8 mM urea and 1.8 mM each of threonine, valine, methionine, isoleucine, leucine, phenylalanine, tryptophan, lysine, histidine and arginine. Incubations were conducted in duplicate on 3 d for 6 h under a CO: atmosphere in a shaking water bath at 38 C. bEfficiency of trapping energy from digested carbohydrates in VFA -based upon heats of combustion of glucose, acetate, propionate and butyrate (Chalupa, 1977) . Fermentation efficiency = .62 acetate + 1.09 propionate + .78 butyrate ~
• 100.
CBecause of differences in molecular weight, quantities of different chemicals added were adjusted to supply amounts of diphenyliodonium cation contained in 2.5, 5.0, 7.5 and 10.0 ppm of diphenyliodonium chloride, which is equivalent to .79, 1.58, 2.36 and 3.16 • 10 -s M of each diaryliodonium chemical. dsee tables 1 and 2 for identification of chemicals.
e'fsignificant at Pq.05 within chemicals or levels. astomach tube rumen fluid and rumen puncture gas samples were obtained 3 h after the morning offering of feed from eight animals/treatment (two pens with four cattle/pen). Cattle had been fed complete diets containing 30% roughage for 112 d. Performance data are presented by Chalupa et al. (1983b Chalupa et al. ( ). lupa et al., 1983b are due, at least in part, to increases in the energy transfer from digested carbohydrate to VFA.
